The physiologic importance of GABAergic neurotransmission in hypothalamic neurocircuits is unknown. To examine the importance of GABA release from agouti-related protein (AgRP) neurons (which also release AgRP and neuropeptide Y), we generated mice with an AgRP neuron-specific deletion of vesicular GABA transporter. These mice are lean, resistant to obesity and have an attenuated hyperphagic response to ghrelin. Thus, GABA release from AgRP neurons is important in regulating energy balance.
of cre expression in AgRP neurons, we generated Agrp-Ires-cre knockin mice ( Fig. 1b and Supplementary Methods) . We confirmed the specificity of Cre activity by immunostaining for green fluorescent protein (GFP) in Agrp-Ires-cre mice that were crossed with mice bearing a Cre-dependent GFP reporter transgene (Z/EG mice) 9 ( Fig. 1c and Supplementary Methods). We generated mice that lack GABA release from AgRP neurons by crossing Vgat flox/flox mice (129, C57BL/6 background) with Agrp-Ires-cre mice (129, C57BL/6 background). The study subjects were littermate offspring of Vgat flox/flox mice and Agrp-Ires-cre; Vgat flox/flox mice. Deletion of VGAT in AgRP neurons by Cre recombinase was confirmed in Agrp-Ires-cre; Vgat flox/flox ; Z/EG mice ( Supplementary Fig. 1 online) . To establish that GABA release from AgRP neurons was disrupted, we recorded inhibitory postsynaptic currents (IPSCs, measuring GABA-mediated current) in cultured AgRP neurons with autaptic synapses 10 . We detected IPSCs in 7 out of the 13 AgRP neurons recorded from control mice but only detected IPSCs in 0 out of 12 AgRP neurons derived from Agrp-Ires-cre; Vgat flox/flox mice (Fig. 1d) . Thus, deletion of Vgat prevents the synaptic release of GABA from AgRP neurons. We observed no difference in AgRP immunostaining patterns in Agrp-Ires-cre; Vgat flox/flox mice, suggesting that there was no alteration in AgRP neuron development resulting from the disruption of GABA release ( Supplementary Fig. 2 online) .
Agrp-Ires-cre; Vgat flox/flox mice showed reduced body weight on chow diet in both males (Fig. 2a) and females ( Supplementary  Fig. 3 online) . We did not observe a change in food intake in 10-12-week-old male mice ( Supplementary Fig. 3 ) or in 16-17-week-old male mice (data not shown); however, O 2 consumption was significantly increased (P o 0.05; Fig. 2b ). In addition, these mice showed increased locomotor activity and reduced respiration exchange ratios ( Supplementary Fig. 3 ). When placed on a high fat diet (HFD), male Agrp-Ires-cre; Vgat flox/flox mice had reduced body weight gain compared with controls ( Fig. 2c ), indicating that they had a resistance to dietinduced obesity (DIO) (Fig. 2a,c) . Body composition analysis revealed that reduced body weight gain was solely because of reduced fat accumulation ( Supplementary Fig. 3 ). The resistance to DIO was not the result of reduced food intake ( Supplementary Fig. 3 ), which suggests that it was caused primarily by increased energy expenditure. To test this directly, we measured O 2 consumption in male mice during the transition from chow to HFD feeding. We observed a much greater increase in O 2 consumption in Agrp-Ires-cre; Vgat flox/flox mice (Fig. 2d) , indicating that these animals have increased HFD-induced thermogenesis.
AgRP neurons are a major target of ghrelin with respect to its effect on food intake 11 . Ghrelin increased food intake in Vgat flox/flox control mice, as previously reported 11 . This effect, however, was greatly attenuated in Agrp-Ires-cre; Vgat flox/flox mice in both males (Fig. 3a) and females (Fig. 3b) , indicating that GABA release from AgRP neurons is an important mediator of ghrelin's stimulatory effect on food intake. To examine the possible effects on POMC neurons, we recorded inhibitory postsynaptic potentials in POMC neurons (Supplementary Methods). We visualized POMC neurons using a Pomc-gfp bacterial artificial chromosome transgene 12 . Ghrelin significantly increased (P o 0.05) the frequency of inhibitory postsynaptic potentials recorded in POMC neurons of Vgat flox/flox control mice, as previously reported 13 . This increase, however, was absent in Agrp-Ires-cre; Vgat flox/flox mice (Fig. 3c,d ), indicating that ghrelin-stimulated GABAergic input to POMC neurons is mediated by AgRP neurons.
Agrp-Ires-cre; Vgat flox/flox mice are lean and resistant to DIO because of increased energy expenditure, suggesting that the normal function of GABA release from AgRP neurons is to restrain energy expenditure. This effect could be the result of GABAergic-mediated inhibition of POMC neurons, which are known to have a stimulatory effect on thermogenesis 14 . Notably, it appears that release of GABA from AgRP neurons, as opposed to AgRP and NPY 4 , is required for the regulation of energy expenditure. The alteration in body weight resulting from the disruption of GABA release from AgRP neurons is consistent with the 11% reduction in body weight and the lack of changes in feeding behavior of mice with neonatal ablation of AgRP neurons 3 . The marked attenuation of ghrelin-stimulated food intake in Agrp-Ires-cre; Vgat flox/flox mice underscores the importance of GABA release from AgRP neurons in the orexigenic action of ghrelin, which is consistent with results from mice with AgRP neuron ablation 15 . The attenuation of ghrelin-stimulated food intake in Agrp-Ires-cre; Vgat flox/flox mice is similar to that in mice with deleted AgRP or NPY 4 , suggesting that multiple signaling pathways downstream of AgRP neurons mediate ghrelin's orexigenic action. The absence of ghrelin-stimulated increases in IPSCs in POMC neurons of Agrp-Ires-cre; Vgat flox/flox mice is consistent with POMC neurons mediating, indirectly via AgRP neurons, this orexigenic effect. In summary, our study demonstrates that GABA release from AgRP neurons is required for the regulation of energy expenditure and for ghrelin-stimulated food intake. We demonstrate the usefulness of neuron-specific deletion of VGAT for studying the physiologic functions of GABAergic neurotransmission.
